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Description 



E h J I fu r6Sent inVemi ° n re,a,eS t0 a " aPP^atUS 

ZZT i 0 hS Preamb ' e °' c,aim 1 ■ and a "*hod as 

method for detecting a short circuit to chassis ground 
when driving piezoelectric elements 
[0002] Piezoelectric elements can be used as actua- 
tors because, as is known, they possess the property of 
S ,m 9 or expanding as a function of a voltage ap- 10 
plied thereto or occurring therein. 
[0003] The practical implementation of actuators us- 
ing piezoelectric elements proves to be advantageous 
"Particular ,f the actuator in question must perform rap- 
id and/or frequent movements. , 5 
[0004] Theuseofpiezoelectricelementsasactuators 
proves to be advantageous, inter alia, in fuel injection 
nozzles for internal combustion engines. Reference is 

»s m eX T ,P,e ' 10 EP ° 371 469 B1 and to EP 0 379 
1 82 si regarding the usability of piezoelectric elements 20 
in fuel injection nozzles. 

[0005] Piezoelectric elements are capacitative ele- 
ments wh,ch , as already partially alluded to above con- 
tract and expand in accordance with the particular 

tZT Tt ° r V °' tage ° CCUrrin 9 therei " ° r applied 25 
thereto. In the example of a fuel injection nozzle, expan- 
sion and contraction of piezoelectric elements is used 
to control valves that manipulate the linear strokes of 

wfhT",,? 6 ^ 168 THe USS ° f P^ 0 «'ectnc e.ements 
with double acting, double seat valves to control corre- so 
sponding injection needles in a fuel injection system is 
snown in Geiman patent applications DE 1 97 42 073 A 1 

[0006] Fuel injection systems using piezoelectric ele- 35 
ments are characterized by the fact that, to a first ap- 
proximation, piezoelectric elements exhibit a propor- 
tional relationship between applied voltage and the lin- 
ear expansion. In a fuel injection nozzle, for example 

237? 38 3 d ° Ub,e ^ d0uble seat va -ve t° « 
control the Imear stroke of a needle for fuel injection into 

a cylinder of an internal combustion engine, the amount 

o the , ;S din ? aCO ' Tesp0ndin 9 c y ,inderis afunction 
0 r the time the valve is open, and in the case of the use 
of a piezoelectric element, the activation voltage applied « 
to the piezoelectric element. 

[0007] Fig. 6 is a schematic representation of a fuel 
injection system using a piezoelectric element 201 0 as 

ZT^T R f ferri " 9 IO Rg - 6 ' the P^oelectric ele- 
ment 201 0 is electrically energized to expand and con- so 
tract in response to a given activation voltage. The pie- 
zoelectric element 2010 is coupled to a piston 2015 |„ 
™JT d State> thG P ie20el ^tric e.ement 2010 
ZZV ™ Pfet ° n 2015 to pro,rude into a ^draulic 
adap ter2 o 2 0whichcontainsahydraulicfluid,forexam- 55 
Pie fuel. As a result of the piezoelectric element's ex- 
pansion, a double acting control valve 2025 is hydrauli- 
cally pushed away from hydraulic adapter 2020 and the 



valve plug 2035 is extended away from a first closed 
position 2040. The combination of double acting control 
valve 2025 and hollow bore 2050 is often referred to as 
double acting, double seat valve for the reason that 
when piezoelectric element 2010 is in an unexcited 
state, the double acting control valve 2025 rests in its 
first closed position 2040. On the other hand, when the 
piezoelectric element 2010 is fully extended, it rests in 
its second closed position 2030. The later position of 
»nes e in Rg 2 " SChematicaMy re P re ^"«ed with ghost 
[0008] The fuel injection system comprises an injec- 
tion needle 2070 allowing for injection of fuel from a 
pressurized fuel supply line 2060 into the cylinder (not 
shown). When the piezoelectric element 2010 is unex- 
crted or when it is fully extended, the double acting con- 
trol valve 2025 rests respectively in its first closed posi- 
tion 2040 or in its second closed position 2030 In either 
case, the hydraulic rail pressure maintains injection nee- 
dle 2070 at a closed position. Thus, the fuel mixture 
does not enterintothecylinder(notshown). Conversely 
when the piezoelectric element 201 0 is excited such that 
double acting control valve 2025 is in the so-called mid- 
position with respect to the hollow bore 2050 then there 

pn a n P T h SSUre dr ° P the P ressurized ft»l supply line 
2060. This pressure drop results in a pressure differen- 
tial in the pressurized fuel supply line 2060 between the 
top and the bottom of the injection needle 2070 so that 
the injection needle 2070 is lifted allowing for fuel injec- 
tion into the cylinder (not shown) . 
[0009] it is important to determine and apply an acti- 
vation voltage with sufficient precision such that for ex- 
ample, a corresponding valve plug is accurately posi- 
honed at the appropriate time in the fuel injection cycle 
Thus it is importantto be able to detect various problems 
m the electrical circuit driving the piezoelectric elements 
One such problem is a short circuit to chassis ground 
within, or at the terminals of, one or more of the piezo- 
electric elements. 

[0010] It is therefore an object of the present invention 
to develop the apparatus as defined in the preamble of 
c aim 1 and the method as defined in the preamble of 
claim 14 to reliably detect a short circuit to chassis 
ground within, or at the terminals of, one or more ot the 
piezoelectric elements. 

[0011] This object is achieved, according to the 
present invention, by way of the features claimed in the 
characterizing portion of claim 1 (apparatus) and in the 
characterizing portion of claim 14 (method) 
[0012] These provide: 



the fuel injection system comprises a current diag- 
nosis unit capable of detecting a fault of a current 
flowing in the driving circuitry within 10jisec of the 
fault occurring; and 

a current flowing in the driving circuitry is checked 
in such a manner that a possible fault of the current 
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flowing in the driving circuitry is detected Within 
1 0u-sec of the fault occurring. 
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[001 3] A short circuit to ground may have different un- 
desirable effects depending on the location of the short 
with respect to the piezoelectric element and the piezo- 
electric element driving circuitry. A short circuit at the 
positive terminal of the piezoelectric element, e.g. used 
as an actuator, will prevent it from charging. A short at 
the positive terminal of one piezoelectric element could 
also prevent the charging of others that are arranged in 
parallel with it. 

[001 4] A short to ground at the negative terminal of a 
piezoelectric element could cause the piezoelectric el- 
ement to be improperly charged when that actuator has 
not been selected for charging. For example, in the pre- 
ferred embodiment of the present invention the selector 
switch for charging a particular actuator is connected in 
series with the negative terminal of the piezoelectric el- 
ement. Shorting out that selector switch would cause the 
to piezoelectric element be continually charged, even 
when another piezoelectric element has been selected 
for charging. A possible consequence of such un- 
planned charging is the unintentional injection of fuel; a 
situation which is extremely undesirable. 
[001 5] As a result of a short circuit from a piezoelectnc 
element to chassis ground, electrical current will be di- 
verted from portions of piezoelectric element driving cir- 
cuitry However, electrical current will continue to flow in 
other parts of the piezoelectric element driving circuitry 
where current would normally be expected to flow. 
[00161 The present invention examines current flow 
in different parts of the piezoelectric element driving cir- 
cuitry to detect a short circuit to chassis ground. The 
present invention detects a short circuit within the pie- 
zoelectric element charging and discharging cycle when 
current would normally be expected to bo flowing 
through particular branches in the piezoelectric element 
driving circuitry. A short circuit, however, would cause 
current to be diverted from one of the branches. The ab- 
normal disparity in the current in the two locations is de- 
tected by the present invention and an error signal indi- 
cating a short circuit is generated. 
[0017] For example, during the charging cycle when 
the charging switch is closed current flows through both, 
a shunt in the voltage source buffer circuit and through 
a shunt connected in series at the negative terminal of 
the piezoelectric element. During that cycle, a current 
detecting circuit is in place to see whether the expected 
current is flowing in both locations. If current is flowing 
in the voltage supply buffer shunt resistor, but not the 
piezoelectric branch shunt resistor, a short circuit is de- 
tected and an error message is generated. To detect 
whether current is flowing normally at both locations in 
the circuit, a current signal from measuring points cor- 
responding to the respective shunts is received by a 
comparator circuit. The comparator circuit outputs a sig- 
nal to a logic circuit representing the difference between 



the current flows at the two shunts. If the difference in 
the two current flows is greater than a predetermined 
maximum then the logic circuit generates an appropriate 
error signal. 

5 [001 8] Advantageous developments of the present in- 
vention are evident from the dependent claims, the de- 
scription below, and the figures. 
[0019] The invention will be explained below in more 
detail with reference to exemplary embodiments, refer- 
to ring to the figures in which: 



Fig. 1 shows a schematic profile of an exemplary 
control valve stroke; 

15 Fiq 2 shows a block diagram of an exemplary em- 
bodiment of an arrangement in which the 
present invention may be implemented; 

Fiq 3A shows a depiction to explain the conditions 
occurring during a first charging phase 
(charging switch 220 closed) in the circuit of 
Fig. 2; 

Fiq 3B shows a depiction to explain the conditions 
occurring during a second charging phase 
(charging switch 220 open again) in the cir- 
cuit of Fig. 2; 

Fiq 3C shows a depiction to explain the conditions 
occurring during a first discharging phase 
(discharging switch 230 closed) in the circuit 
of Fig. 2; 

Fiq 3D shows a depiction to explain the conditions 
occurring during a second discharging 
phase (discharging switch 230 open again) 
in the circuit of Fig. 2; 

Fiq 4A shows a short circuit condition on the posi- 
40 tive terminal of the piezoelectric element 

while the charging switch is closed during 
the charging phase, as depicted in Fig. 3A; 

Fiq 4B shows a short circuit condition on the nega- 
tive terminal of the piezoelectric element 
while the charging switch is closed during 
the charging phase, as depicted in Fig. 3A; 

Fiq 4C shows a short circuit condition on the posi- 
tive terminal of the piezoelectric element 
while the discharging switch is open during 
the discharging phase, as depicted in Fig. 
3D; 

55 Fiq 4D shows a short circuit condition on the nega- 
tive terminal of the piezoelectric element 
while the discharging switch is open during 
the discharging phase, as depicted in Fig. 



30 



35 



45 



50 



3 



EP 1 138 917 A1 



3D, 



Fig. 5 



Fig. 6 



shows a block diagram of components of the 
activation IC E which is also shown in Fig 2 
and M 

shows a schematic representation of a fuel 
injection system using a piezoelectric ele- 
ment as an actuator. 



[0020] Fig. 1 shows a double graph representing a 
schema^ profile of an exemplary control valve Se 

Z£TT ° Perati0n ° f 8 d0Uble acti "9 antral 
time, and the y-ax.s represents displacement of the 
valve p.ug (valve lift). In the lower graph of Fig 1 the x 
axis once again represents time, while the y-axis repre- 
sents a no2z.e need.e lift to provide fue. flow, resulting 
rom the valve .ift of the upper graph. The upper and 
lower graphs are aligned with one another /coincide 
ran™ 3 n represen,ed bv the respective x-axises. 
JUT. • r" 19 9n inieCti0n Cycle ' the Piezoelectric el- 
ZT: S Ct ! ar9ed reSU,tin9 in an expansion of the pie- 
zoelectnc element, as will be described in greater detail 

the fStTf h ^P™*"* valve plug to move from 
the flrst closed pos.tion to the second closed position for 

RoTthT" Str ° ke - 38 Sh0W " in the graph of 

T ?uel 1^ gra ^ ° f R9 1 Sh ° WS a Sma " *>°<*™ 
of fuel that occurs as the valve plug moves between the 

two seats of the double acting control va,ve, open ng 

and closmg the valve as the plug moves between the 

[0022] In general, the charging of the piezoelectric el- 

Z1T ? 6 d ° ne tW ° Steps - The * to 

? 6 lementtoacertainv o'^oausingthecon- 

he Ifl e , ° Pen - SeC ° nd S,6P is to furth ^ Charge 
e '! ( ment I caus,n 9 the ^ntrol valve to close again as 
the valve plug comes into contact with the second 

bTemp^r • BStWeen b ° th S,6PS 8 time -V 

SJSL f ftSr 3 Prese,ected P eriod °f «me, a discharg- 
ing operat.cn ,s then performed, as will be explained ?n 

SET"! be,ow - to reduce the cha ^ ^ tC- 

2° Z h 6 S ° th3t " contrac,s ' as also be 
described ,n greater detail, causing the valve plug to 

7» Jn,* I m SeC ° nd C,0S6d P° si,ion - and ho, a 
withinT thS tW ° S6a,S - The activa «'on voltage 

eoul U P ;r eleCtriC e,ement is ^ reach a va.ue that 
the olrio^M ^ POnd 10 8 maXimum f uel flow d «nng 
olr Z , a " 0Cated ,0 3 main in j ecti °n- The up 

per and lower graphs of Fig. 1 show the holding of the 

, V nt»ion. at 3 intermed, ' a,y P ° im ' in a -in fue! 

[0024] At the end of the period of time for the main 
.njecflon, the piezoelectric element is discharged tT an 

of h e T " I"' ° f 26r0 ' reSU ' tin 9 in ,Urther contraction 
of the p.ezoe.ectric element, to cause the valve plug to 

move away from the intermediary position, towards the 



first closed position, closing the valve and stopping fuel 
flow as shown in the upper and lower graphs of Fig 1 
At this time, the valve plug will once again be in a posi- 
fionto repeat another pre-injection, main injection cycle 
as just described above. Of course, any other injection 
cycle can be performed. 

[0025] Fig. 2 provides a block diagram of an exempla- 
ry embodiment of an arrangement in which the present 
invention may be applied. 

W l 0 ? 2 ? 1 , FiQ - 2 there is a detai,ed area A and a non- 
detailed area B, the separation of which is indicated by 
a dashed line c. The detailed area A comprises a circuit 
for charging and discharging piezoelectric elements 1 0 

15 fhl ' 5 ? and 60 ' ln the exam P ,e beina considered 
these p.ezoelectric elements 10, 20, 30, 40, 50 and 60 
are actuators in fuel injection nozzles (in particulars so- 
called common rail injectors) of an internal combustion 
engine. Piezoelectric elements can be used for such 

above, they possess the property of contracting or ex- 
panding as a function of a voltage applied thereto or oc- 
curring therein. The reason to take six piezoelectric ei- 
ements 10, 20, 30, 40, 50 and 60 in the embodiment 

25 TrZl I** inde P enden «ycontro,sixcy.inders within 
a combustion engine; hence, any other number of pie- 
zoelectric elements might be suitable lor any other pur- 

u^n ? e n ° n - detai,ed ar «a B comprises a control 

30 1* f tlVati ° n IC E by botn of which the ele- 

» ments within the detailed area A are controlled as well 
as a measuring system F for measuring system charac- 
ter,^ Activation ,C E recess various meas're 
ments of voltages and currents from throughout the rest 

35 t Lhfn ' e20e ; eCtfiC e,emem driVinQ circuitrv - According 
o the present invention, the control unit D and activation 
C E are programmed to control activation voltages and 
the ac fivation timing for the piezoelectric elements The 
control unit D and/or activation IC E are also pro- 
40 ? h ramm u t0 m ° nitor various voltages and currents 
ST! T Z ° e,eCtriC ete ™nt driving circo™ 
E3 V? Win9 descri Pti°n "rstly introduces the 
individual elements within the detailed area A Then the 
procedures of charging and discharging piezoelectric el- 
's £2" r 1 h °' 2 °' 3 °' 40 ' 50 ' 60 are deSC ^ ed in gene" 
2 H 6 K WayS b ° th P roce °"res are contro.id and 
monrtored by means of control unit D and activation ic 
E are described in detail. 

[0029] The circuit within the detailed area A compris- 

bo rO S 030r e ^° eleC,riC e ' ementS 10 - 20 - 3°. 40, 50 and 60. 
[0030] The piezoelectric elements 10, 20 3 0 40 50 
and 60 are distributed into a flrst group G1 and asecond 
group G2, each comprising three piezoelectric elements 
0.e. piezoelectric elements 10, 20 and 30 in the first 
group G1 resp. 40, 50 and 60 in the second group G2) 
~ Groups G1 and G2 are constituents of circuit parts con 
nected ,n parallel with one another. Group selector 
switches 310, 320 can be used to establish wNch tf the 
groups G1 , G2 of piezoelectric elements 1 0, 20 and 30 
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resp. 40, 50 and 60 will be discharged in each case by 
a common charging and discharging apparatus (howev- 
er the group selector switches 310. 320 are meaning- 
less for charging procedures, as is explained in further 
detail below). 

[0031] The group selector switches 310, 320 are ar- 
ranged between a coil 240 and the respective groups 
G1 and G2 (the coil-side terminals thereof) and are im- 
plemented as transistors. Side drivers 311 , 321 are im- 
plemented which transform control signals received 
from the activation IC E into voltages which are eligible 
for closing and opening the switches as required. 
[0032] Diodes 31 5 and 325 (referred to as group se- 
lector diodes), respectively, are provided in parallel with 
the group selector switches 310, 320. If the group se- 
lectorswitches 310, 320 are implemented as MOSFETs 
or IGBTs, for example, these group selector diodes 315 
and 325 can be constituted by the parasitic diodes them- 
selves. The diodes 315, 325 bypass the group selector 
switches 310, 320 during charging procedures. Hence, 
the functionality of the group selector switches 31 0, 320 
is reduced to select a group G1 , G2 of piezoelectric el- 
ements 10, 20 and 30, resp. 40, 50 and 60 for a dis- 
charging procedure only. 

[0033] Within each group G1 resp. G2 the piezoelec- 
tric elements 10, 20 and 30, resp. 40, 50 and 60 are 
arranged as constituents of piezo branches 110, 120 
and 130 (group G1) and 140, 150 and 160 (group G2) 
that are connected in parallel. Each piezo branch com- 
prises a series circuit made up of a first parallel circuit 
comprising a piezoelectric element 10. 20, 30, 40, 50 
resp 60 and a resistor 13, 23, 33, 43, 53 resp. 63 (re- 
ferred to as branch resistors) and a second parallel cir- 
cuit made up of a selector switch implemented as a tran- 
sistor 1 1 , 21 , 31 , 41 , 51 resp. 61 (referred to as branch 
selector switches) and a diode 12, 22, 32, 42, 52 resp. 

62 (referred to as branch diodes). 
[0034] The branch resistors 13, 23, 33, 43, 53 resp. 

63 cause each corresponding piezoelectric element 10, 
20 30 40, 50 resp. 60 during and after a charging pro- 
cedure to' continuously discharge themselves, since 
they connect both terminals of each capacitive piezoe- 
lectric element 10, 20, 30, 40, 50, resp. 60 one to an- 
other However, the branch resistors 13, 23, 33, 43, 53 
resp. 63 are sufficiently large to make this procedure 
slow compared to the controlled charging and discharg- 
ing procedures as described below. Hence, it is still a 
reasonable assumption to consider the charge of any 
piezoelectric element 10, 20, 30, 40, 50 or 60 as un- 
changing within a relevant time after a charging proce- 
dure (the reason to nevertheless implement the branch 
resistors 1 3, 23, 33, 43, 53 and 63 is to avoid remaining 
charges on the piezoelectric elements 10, 20, 30, 40, 
50 and 60 in case of a breakdown of the system or other 
exceptional situations). 

[0035] Hence, the branch resistors 1 3, 23, 33, 43, 53 
and 63 may be neglected in the following description. 
[0036] The branch selector switch/branch diode pairs 



in the individual piezo branches 110, 120, 130, 140, 150 
resp 160 i e. selector switch 11 and diode 12 in piezo 
branch 110 selector switch 21 and diode 22 in piezo 
branch 1 20, and so on, can be implemented using eiec- 
s tronic switches (i.e. transistors) with parasitic diodes, for 
example MOSFETs or IGBTs (as stated above for the 
group selector switch/diode pairs 310 and 31 5 resp. 320 

[0037] '"The branch selector switches 11 , 21 , 31 , 41 , 
io 51 resp. 61 can be used to establish which of the pie- 
zoelectric elements 10. 20, 30, 40, 50 or 60 will be 
charged in each case by a common charging and dis- 
charging apparatus: in each case, the piezoelectric el- 
ements 10, 20, 30, 40, 50 or 60 that are charged are all 
is those whose branch selector switches 1 1 , 21 , 31 , 41 , 51 
or 61 are closed during the charging procedure which is 
described below. Usually, at any time, only one of the 
branch selector switches will be closed. 
[0038] The branch diodes 1 2, 22, 32, 42, 52 and 62 
20 serve for bypassingthe branch selector switches 11,21, 
31 41 51 resp. 61 during discharging procedures. 
Hence,' in the example considered for charging proce- 
dures any individual piezoelectric element can be se- 
lected whereas for discharging procedures either the 
25 first group G1 or the second group G2 of piezoelectnc 
elements 1 0. 20 and 30 resp. 40, 50 and 60 or both have 
to be selected. 

[0039] Returning to the piezoelectric elements 1 0, zv, 
30 40 50 and 60 themselves, the branch selector piezo 
30 terminals 1 5. 25, 35, 45, 55 resp. 65 may be connected 
to ground either through the branch selector swrtches 
11 21 31 41 51 resp. 61 or through the corresponding 
diodes 12, 22, 32, 42, 52 resp. 62 and in both cases 
additionally through resistor 300. 
35 [0040] The purpose of resistor 300 is to measure the 
currents that flow during charging and discharging of the 
piezoelectric elements 10, 20, 30. 40, 50 and 60 be- 
tween the branch selector piezo terminals 15, 25 3b, 
45 55 resp. 65 and the ground. A knowledge of these 
40 cun-ents allows a controlled charging and discharging of 
the piezoelectric elements 10, 20, 30, 40, 50 and 60^ In 
particular, by closing and opening charging switch 220 
and discharging switch 230 in a manner dependent on 
the magnitude of the currents, it is possible to set the 
45 charging current and discharging current to predefined 
average values and/or to keep them from exceeding or 
falling below predefined maximum and/or minimum val- 
ues as is -explained in further detail below. 
f0041] In the example considered, the measurement 
so Lelt further requires a voltage source 621 which sup- 
plies a voltage of 5 V DC, for example, and a voltage 
divider implemented as two resistors 622 and 623. This 
is in order to prevent the activation IC E (by which the 
measurements are performed) from negative voltages 
55 which might otherwise occur on measuring po.nt 620 
and which cannot be handled be means of activation IC 
E such negative voltages arechanged into positive volt- 
ages by means of addition with a positive voltage setup 



5 



EP1 138 917 A1 



10 



which is supplied by said voltage source 621 and volt- 
age divider resistors 622 and 623 

!?° 4 fL l he ° ther ,erminal of each Piezoelectric ele- 
ment 10, 20. 30, 40, 50 and 60, i.e. the group selector 
Piezo terminal 14, 24, 34, 44, 54 resp. 64 may be con 
nected to the plus P o,e of a voltage source via the group 
selector sw.tch 310 resp. 320 or via the group sefector 
diode ,315 resp J325 as well as via a coil ho a'nd^ar- 
allel circuit made up of a charging switch 220 and a 
charging diode 221, and alternatively or additionally 

STST * ?T * * ^ 9r ° UP Se,6Ct0r 

, P o 3 ° r V ' a d ' 0Cle 315 res P 325 as ^ll as via the 
co.l 240 and a parallel circuit made up of a dschara no 

22Tan 2 d 3 L° ch a diSChar9ln9 di ° de 231 ChaSSSS 
220 and decharging switch 230 are implemented as 

transistors, for example which are controlled via side 
drivers 222 resp. 232. 

[0043] The voltage source comprises an element hav- 
ing capacity properties which, in the example being 
considered, is the (buffer) capacitor210. Ca P acitor2i? 
is charged by a battery 200 (for example a motor ve„fc,e 
th^ ^ ° C VO ' tage COnVerter 201 downstream 
teTJT ? f V °' tage COnverter2 <» converts the bat- 
1Z nr 9 V r eXamP ' e ' 12 V) int ° s "bstantia.ly any 
other DC voltage (for example 250 V), and charges ca 

comronedby means of transistor switch 202and resistor 
203 wh^h ,s utilized for current measurements taken 
from a measuring point 630. 

[0044] For cross check purposes, a further current 
TrZ S TZ n l at 3 meaSUrin9 P0int 650 is flowed by 

2 I 396 S ° UrCe 654 ' for exam P'e; moreo- 
ver, a voltage measurement at a measuring point 640 is 
allowed by activation IC E as well as by volTage So 
resistors 641 and 642. o'viaing 

[0045] Finally, a resistor 330 (referred to as total dis- 
sis a 0 ?33 9 ,Tif t0r) hV^ SWitCh im P' eme "ted as a tran- 
S r w V t0 3S St ° P SWitch >' and £ d i°°e 332 

chimi n 0 38 t0ta ' discharoin 9 diode) ,erve to dis- 
S% 9 th the P ,e20e,ectric elements 10, 20, 30, 40, SOand 

discnl 6 " PPen t0 ^ n0t dfeCharged bv the ""ermal" 
discharging operation as described further below) Stoo 
switch 331 is preferably closed after "norma." dlscharg 

5rL 5f V C ° nneCtS P iezoe 'ectric elements 1 o, 20 

son t« , h 60 '° 9r0UnC ' throu 9 h resistors 330 and 
300 and thus removes any residua, charges that might 

60 ^e'XT e K CtriCe ' ementS 10 ' 20 ' 3 °' 40 ' 50a "d 
f dischargmg diode 332 prevents negative 

10 2?l T IT™ 9 31 the elements 

stanci hll ' and 6 °' WhiCh mi9ht in some c 'mum- 
stances be damaged thereby. 

[0046] Charging and discharging of all the piezoelec- 
tnc elements 1 0, 20, 30, 40, 50 and 60 or any particular 
one , s accomplished by way of a single charging and 
discharging apparatus (common to all the groups and 
the.rpiezoelectric elements). In the example being con- 



sdered, the common charging and discharging appara- 
tus comprises battery 200, DC voltage converter 201 
capacitor 210, charging switch 220 and discharging 

[0047] -The chargjng and djschargj of each 
ectnc element works the same way and is explained in 

~ X referrin9 10 ,he ,irst piezoe,ectric e| - 

W an^LJ^ 6 C ° nditi0nS 0CCUmn9 durin 9 the Urging 
and d, scharg procedures are exp|ajned 8 9 

I?*' T thrOU9h 3D ' ° f Which Fi9s 3A a "d 3B 
Jlustrate the charging of piezoelectric element 10 and 

'5 ment W. 30 diSchar 9 in 9 of Piezoelectric ele- 

[0049] The selection of one or more particular piezo- 
etectnc elements 1 0, 20, 30, 40, 50 or 60 to be charged 
or d scharged, the charging procedure as describee in 
the followmg as well as the discharging procedure are 
driven by activation IC E and control unit D by means of 
opening or closing one or more of the above introduced 
sw tches 11 21 , 31 . 41 , 51 , 61 ; 310, 320; 220, 230 and 
331 The interactions between the elements within the 
detailed area A on the on hand and activation IC E and 

r^r on the other hand arc — *- in — i 

[0050] Concerning the charging procedure, firstly any 
particular piezoelectric element 1 0, 20, 30, 40, 50 or 60 

so TT !° bS ChargSd haS ,0 06 selected order to 
exclusivelychargethefirstpiezoelectricelementlO the 
branch selector switch 11 of the first branch 110 is 
c osed, whereas all other branch selector switches 21 
Ji ■ 41 , 51 and 61 remain opened. In orderto exclusively 
charge any other piezoelectric element 20, 30 40 50 
60 or ,n order to charge several ones at the same Hme 
they would be se|ected by c|osjng CQ djn e 

mn« h S ^ eCt0r SWitCheS 21 ■ 31 , 41 , 51 and/or 61 
place Char9i " 9 P roc edure itself may take 

"0 [0052] Generally, within the example considered the 
charging procedure requires a positive potential differ- 
ence between capacitor 21 0 and the group selector pi- 
ezo termmal 14 of the first piezoelectric element 10 

45 inn?? k 3S '° n9 Charging switch 220 and discharg- 
mg swrtch 230 are open no charging or discharging of 
P^zoelectnc element 10 occurs. In this state, the circuit 
shown ,n Fig. 2 is in a steady-state condition, i.e. piezo- 
electric element 10 retains its charge state in substan- 

so ™L" n ° han9ed fashion - and no cu ^ents flow. 

^053 m order to charge the first piezoelectric ele- 
ment 10, charging switch 220 is closed. Theoretically 

he f^tp,ezoelectricelement10could become charged 
just by doing so. However, this would produce large cur- 

55 tk , Whi ° h mi9ht damage tne elements involved 
Therefore, the occurring currents are measured at 
measuring point 620 and switch 220 is opened again as 
soon as the detected currents exceed a certain limit 
Hence, ,n order to achieve any desired charge on the 
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first piezoelectric element 10, charging switch 220 is re- 
peatedly closed and opened whereas discharging 
switch 230 remains open. 

[0054] In more detail, when charging switch 220 is 
closed, the conditions shown in Fig. 3A occur, Le. a 
closed circuit comprising a series circuit made up of pi- 
ezoelectric element 10, capacitor 210, and coil 240 is 
formed, in which a current i^t) flows as indicated by 
arrows in Fig. 3A. As a result of this current flow both 
positive charges are brought to the group selector piezo 
terminal 1 4 of the first piezoelectric element 1 0 and en- 
ergy is stored in coil 240. 

[0055] When charging switch 220 opens shortly (for 
example, a few ^is) after it has closed, the conditions 
shown in Fig. 3B occur: a closed circuit compnsing a 
series circuit made up of piezoelectric element 10, 
charging diode 221 , and coil 240 is formed, in which a 
current i^t) flows as indicated by arrows in Fig. 3B. The 
result of this current flow is that energy stored in coil 240 
flows into piezoelectric element 10. Corresponding to 
the energy delivery to the piezoelectric element 10, the 
voltage occurring in the latter, and its external dimen- 
sions, increase. Once energy transport has taken place 
from coil 240 to piezoelectric element 10, the steady- 
state condition of the circuit, as shown in Fig. 2 and al- 
ready described, is once again attained. 
[0056] At that time, or earlier, or later (depending on 
the desired time profile of the charging operation), 
charging switch 220 is once again closed and opened 
again, so that the processes described above are re- 
peated As a result of the re-closing and re-opening of 
charging switch 220 : the energy stored in piezoelectric 
element 10 increases (the energy already stored in the 
piezoelectric element 1 0 and the newly delivered energy 
are added together), and the voltage occurring at the 
piezoelectric element 10, and its external dimensions, 
accordingly increase. 

[0057] If the aforementioned closing and opening of 
charging switch 220 are repeated numerous times, the 
voltage occurring at the piezoelectric element 10, and 
the expansion of the piezoelectric element 10, rise in 
steps. 

[0058] Once charging switch 220 has closed and 
opened a predefined number of times, and/or once pie- 
zoelectric element 10 has reached the desired charge 
state, charging of the piezoelectric element is terminat- 
ed by leaving charging switch 220 open. 
[0059] Concerning the discharging procedure, in the 
example considered, the piezoelectric elements 10, 20, 
30, 40, 50 and 60 are discharged in groups (G1 and/or 
G2) as follows: 

[0060] Firstly, the group selector switch(es) 31 0 and/ 
or 320 of the group or groups G1 and/or G2 the piezo- 
electric elements of which are to be discharged are 
closed (the branch selector switches 1 1 , 21 , 31 , 41 , 51 , 
61 do not affect the selection of piezoelectric elements 
10 20 30, 40, 50, 60 for the discharging procedure, 
since in this case they are bypassed by the branch di- 



odes^ 22 32,42. 52 and 62). Hence, in order to dis- 
charge piezoelectric element 10 as a part of the first 
group G1 , the first group selector switch 310 is closed. 
[0061] When discharging switch 230 is closed, the 
s conditions shown in Fig. 3C occur: a closed circuit com- 
prising a series circuit made up of piezoelectric element 
1 0 and coil 240 is formed, in which a current i EE (t) flows 
as indicated by arrows in Fig. 3C. The result of this cur- 
rent flow is that the energy (a portion thereof) stored in 
10 the piezoelectric element is transported into coil 240. 
Corresponding to the energy transfer from piezoelectnc 
element 1 0 to coil 240, the voltage occurring at the pie- 
zoelectric element 10, and its external dimensions, de- 

crease. . , 

ts ro062] When discharging switch 230 opens shortly 
for example, a few us) after it has closed, the conditions 
shown in Fig. 3D occur: a closed circuit compnsing a 
series circuit made up of piezoelectric element 10, ca- 
pacitor 210, discharging diode 231, and coil 240 is 
20 formed, in which a current i EA (t) flows as indicated by 
arrows in Fig. 3D. The result of this current flow .s that 
energy stored in coil 240 is fed back into capacrtor 21 0. 
Once energy transport has taken place from coil 240 to 
capacitor 210, the steady-state condition of the circuit, 
25 as shown in Fig. 2 and already described, is agatn at- 
tained 

[00631 At that time, or earlier, or later (depending on 
the desired time profile of the discharging operation) 
discharging switch 230 is once again closed and opened 
30 again, so that the processes described above are re- 
peated. As a result of the re-closing and re-open.ng of 
discharging switch 230, the energy stored in piezoelec- 
tric element 10 decreases further, and the voltage oc- 
curring at the piezoelectric element, and its external di- 
ss mensions, also accordingly decrease. 

[0064] If the aforementioned closing and opening of 
discharging switch 230 are repeated numerous times, 
the voltage occurring at the piezoelectnc element 10, 
and the expansion of the piezoelectric element 10, de- 

40 crease in steps. 

[00651 Once discharging switch 230 has closed and 
opened a predefined number of times, and/or once the 
piezoelectric element has reached the desired dis- 
charge state, discharging of the piezoelectric element 
45 10 is terminated by leaving discharging switch 230 

[00661 The interaction between activation IC E and 
control unit D on the one hand and the elements within 
the detailed area A on the other hand is performed by 
so control signals sent from activation IC E to elements 
within the detailed area A via branch selector control 
lines 410 420, 430, 440, 450, 460, group selector con- 
trol lines 510, 520, stop switch control line 530, charging 
switch control line 540 and discharging switch control 
55 line 550 and control line 560. On the other hand, there 
are sensor signals obtained on measuring points 600 
610 620 630, 640, 650 within the detailed area A which 
are iransmitted to activation IC E via sensor lines 700. 
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710, 720, 730, 740, 750. 

[0067] The control lines are used to apply or not to 
apply voltage, to the transistor bases in order to seLot 
p.ezoelectnc elements 1 0, 20, 30, 40, 50 or 60 to per- 
form charging or discharging procedures of single or 
several p.ezoelectnc elements 10, 20, 30, 40, 50 60 by 
means of opening and closing the corresponding 
swrtches as described above. The sensor signals are 
part.cu.arly used to determine the resulting voltage of 
the piezoelectric elements 10, 20 and 30, resp 40 50 
ana 60 from measuring points 600 resp. 610 and 'the 
chargmganddischargingcurrentsfrom measuring point 

[0068] Figs. 4A through 4D depict two phases in the 
chargmg and discharging cycle in which abnormal cur- 
rents can be measured to detect short circuits according 
to the present invention. 

Figs. 4A and 4B depict the same phase in the charging 

FLTa 3 / 21 A ' Wh6n the Char9in 9 » * Closed 
Figs. 4A and 4B shows how the circuit is changed when 
a short circuit occurs either from the positive (Fig 4A > 
or negative (Fig. 4B) terminal of the piezoe.ectric' ele- 
ment to chassis ground. It can be seen thatin eithercase 
through h C ° nt : nue ,0 f,ow f " * clockwise direction 

210 T t » TT 1 resistor 651 and buffer editor 

210, but that current will not flow through piezoelectric 
shunt res,stor 300. Under norma, conditions, without a 
short circuit, current would flow through both shunt re- 
sistors 651 and 300. 

[0069] Figs. 4C and 4D depict the same phase in the 
discharging cycle as Fig. 3D, when the discharging 
^ " °f n <° and 4D show how the circuits 
changed when a short circuit occurs either from the pos- 
itive (F,g. 4C) or negative (Fig. 4D) terminal of the oil 
zoelectnc element to chassis ground. In this phase of 
the cycle, current will continue to flow in a counterclock- 
wise direction through the buffer capacitor 21 0 and buff- 
er shunt resistor 651 , but will not flow through piezoe- 
ectric shunt resistor 300. Again, under normal condi- 
*ons, without a short circuit, current would flow through 
both shunt resistors 651 and 300. 
[0070] As is indicated in Fig. 2, the control unit D and 
tte activation ic E are connected to each other by 
means of a parallel bus 840 and additionally by means 
of a semi bus 850. The paraHel bus 840 is particular* 
f'° rfast tra "smis S ion of control signals from control 
unit D to the activation IC E, whereas the serial bus 850 
is used for slower data transfer. 

whilhL f' 9 ' 5 S ° me com P° ne nts are indicated, 
which the activation IC E comprises: a logic circuit 800 

.Z 0 ^ 810, d, ' 9ita ' to ana, °9 converter astern 
Sfl, w t u COnlParat0rSyStem 83a Furthermore, it is i n - 

Tan£ 6 ^ Para,tel bUS 840 < Used *>' control 
signals) ls connected to the logic circuit 800 of the acti- 
vation IC E whereas the slower serial bus 850 is con- 
nected to the RAM memory 81 0. The logic circuit 800 is 

t»Z eCt Z™° RAM mem0ry 810 ' to the comparator 
system 830 and to the signal lines 410, 420 430 440 



450 and 460; 51 0 and 520; 530; 540. 550 and 560. The 
™ emor * 810 is connected to the logic circuit 800 
as well as to the digital to analog converter system 820 
I he digital to analog converter system 820 is further 
connected to the comparator system 830. The compa- 
rator system 830is furtherconnected to the sensor lines 
700 and 710, 720, 730, 740 and 750 and -as already 
mentioned- to the logic circuit 800. 
[0072] The above listed components may be used in 
10 a charging procedure for example as follows- 

[0073] By means of the control unit D a particular pi- 
ezoelectric element 10, 20, 30, 40, 50 or 60 is deter- 
mined which is to be charged to a certain target voltage 
Hence, firstly the value of the targe, voltage (expressed 
by a d,g,tal number) is transmitted to the RAM memory 
810 v.athe slower serial bus 850. The target voltage can 
be, for example, the value for Uopt used in a main injec- 
tion. Later or simultaneously, a code corresponding to 
the particular piezoelectric element 1 0. 20, 30 40 50 or 
60 which is to be selected and the address of the desired 
voltage within the RAM memory 810 is transmitted to 
the logic circuit 800 via the parallel bus 840. Later on a 
strobe signal is sent to the logic circuit 800 via the par- 
allel bus 840 which gives the start signal for the charging 
25 procedure M a 

E£ 4) • I hS St£m Si9nal ,irStly Causes the '°9ic circuit 
f h o° A P , UP the digita ' Value cf the tar 9 et v °'tage from 
the RAM memory 810 and to put it on the digital to an- 

30 COnVerter s y stem 820 thereby at one analog exit 

of the converters 820 the desired voltage occurs More- 
over, said analog exit (not shown) is connected to the 

C °ro^ at0rSyStem 830 ' ln addition nere t°. the logic cir- 
cus 800 selects either measuring point 600 (for any of 
the p.ezoelectnc elements 1 0, 20 or 30 of the first group 
22 ° r ™ ea * urin 9 P oi "t 610 (for any of the piezoelectric 
elements 40, 50 or 60 of the second group G2) to the 
comparator system 830. Resulting thereof, the target 
voltage and the present voltage at the selected piezoe- 
lee ric element 10, 20. 30, 40, 50 or 60 are compared 
by the comparator system 830. The results of the com- 
parison, i.e. the differences between the target voltage 
and the present voltage, are transmitted to the logic cir- 
cuit 800. Thereby, the logic circuit 800 can stop the pro- 
's ITZ ^ S0 °" 38 tar96t V °' ta9e and the P res ^t 
« voltage are equal to one another. 

[0075] secondly, the logic circuit 800 applies a control 
signal to the branch selector switch 11, 21 31 41 51 
or 61 which corresponds to any selected piezoelectric 
element 1 0, 20, 30, 40, 50 or 60 so that the switch be- 
comes closed (all branch selector switches 1 1 21 31 
41 , 51 and 61 are considered to be in an open state be- 
fore the onset of the charging procedure within the ex- 
ample described). Then, the logic circuit 800 applies a 
control signal to the charging switch 220 so that the 

8^^° meS C ' OSed ' Further ™re, the logic circuit 
800 starts (or continues) measuring any currents occur- 
nng on measuring point 620. Hereto, the measured cur- 
rents are compared to any predefined maximum value 
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by the comparator system 830. As soon as the prede- 
fined maximum value is achieved by the detected cur- 
rents, the logic circuit 800 causes the charging switch 
220 to open again. 

100761 Again, the remaining currents at measuring 
point 620 are detected and compared to any predefined 
minimum value. As soon as said predefined minimum 
value is achieved, the logiccircuit 800 causes thecharg- 
ing switch 220 to close again and the procedure starts 
once again. 

[0077] The closing and opening of the charging switch 
220 is repeated as long as the detected voltage at meas- 
uring point 600 or 610 is below the target voltage. As 
soon as the target voltage is achieved, the logic c.rcurt 
stops the continuation of the procedure. 
[0078] The discharging procedure takes place in a 
corresponding way: Now the selection of the piezoelec- 
tric element 10, 20, 30, 40, 50 or 60 is obtained by 
means of the group selector switches 310 resp. 320, the 
discharging switch 230 instead of the charging switch 
220 is opened and closed and a predefined minimum 
target voltage is to be achieved. 
[0079J The timing of the charging and discharging op- 
erations and the holding of voltage levels in the piezoe- 
lectric elements 10, 20, 30, 40, 50 or 60, as for example, 
the time of a main injection, can be according to a valve 
stroke, as shown, for example, in Fig. 2. 
[0080] It is to be understood that the above given de- 
scription of the way charging or discharging procedures 
take place are exemplary only. Hence, any other proce- 
dure which utilizes the above described circuits or other 
circuits might match any desired purpose and any cor- 
responding procedure may be used in place of the 
above described example. 

[00811 The target voltages for activating the piezoe- 
lectric elements are stored in RAM memory 810. The 
values stored in the RAM memory 810 include the time 
period calculations of the metering unit, and initial val- 
ues for, for example, used as target voltages in 
charging and discharging procedures, as described 

above. . 
[00821 The U opl values can change as a function ot 
operating characteristics of the fuel injection system 
such as. for example, fuel pressure, as fully described 
in co-pending application titled "Method and Apparatus 
for Charging a Piezoelectric Element", filed on the same 
day as this application. Thus, the values stored in the 
RAM memory 81 0 include delta values added to or sub- 
tracted from the set initial U opt voltages, as a function of 
measured fuel pressure, as described in co-pending ap- 
plication titled "Method and Apparatus for Charging a 
Piezoelectric Element", filed on the same day as this ap- 
plication. The stored target voltages can also be modi- 
fied and continuously optimized as described in co- 
pending application titled "Online Optimization of Injec- 
tion Systems Having Piezoelectric Elements", filed on 
the same day as this application. 
[00831 The present invention for detecting a short cir- 



cuit to chassis ground while driving the piezoelectric el- 
ements can be readily implemented using the embodi- 
ment described above. As discussed above, the present 
invention detects a short circuit by monitoring currents 
s at different locations in the piezoelectric element dnving 
circuitry. In particular, during the charging phase when 
the charging swrtcn 220 is closed and during I the d,s- 
charqinq phase when the discharging switch 230 is 
open current should be flowing through both the buffer 
10 shunt resistor 651 and the piezoelectric shunt resistor 
300 as depicted in Figs. 3A and 3D. However, when a 
short circuit occurs from the piezoelectric elemen to 
chassis ground no current will be present in P«zoelee- 
tr^ shunt resstor 300. as depicted in FIGS 4A through 
,5 4D Typically, the maximum gradient of the current.will 
be 1 0A/uS while the circuit is in charging or discharging 

SoSl As depicted in Fig. 2, the current across buffer 
shunt resistor651 is measured via measuring point 650^ 
20 The current across piezoelectric shunt resistor 300 is 
measured via measuring point 620. For the purposes of 
the present invention the current measurements from 
measuring points 620 and 650 are 
parator system 830 and a signal representing the differ- 
25 ence in the two currents is generated and suppl.ed to 
loqic circuit 800. 

[0085] Logic circuit 800 will monitorthis difference sig- 
nal during the driving cycle phases discussed above, 
when it is known that the current values shouW be 
30 roughly equal in the absence of a short circuit When 
logic circuit 800 applies a control signal to close the 
charging switch 220 during the charg.ng cycle, and 
when logic circuit 800 applies a control signal to open 
the discharging switch 230 during the discharging cycle, 
35 the logic circuit 800 monitors the current difference sig- 
nal from the comparator system 830. If the current dif- 
ference signal is more than a predetermined maximum 
the logic circuit 800 generates an error signal indicat ng 
that a short circuit has occurred. In an embodiment of 
40 the invention the current diagnosis unit comprises the 
voltage deviders comprising the resistors 652 and 653 
as well as the resistors 622 and 623, the activat.or , IC 
E as well as control unit D evaluating a detected differ- 
ence in currents. 
45 r00861 The predetermined maximum difference may 
be set to approximately 1 A. Thus with a 10A/usec cur- 
rent gradient, the threshold value will be met and detect- 
able in 0.1 usee. More preferably, a maximum predeter- 
mined maximum difference will be about 3 to 5A to avoid 
so error detection due to noise in the piezoelectric driving 
o rcuitry. With a 3 to 5A limit, the threshold value would 
be met and detectable in approximately 0.3 to 0.5 usee. 
Limit frequencies in the logic circuit 800 and comparator 
system 830 can delay the short circuit detection t,m£ 
55 Typically, the limitations of that detection circuitry will be 
in the range of 1 to 2 usee. Thus for the examp e of a 
5A predetermined maximum difference, a detection 
time would be in the range of 1 .5 to 2.5 usee. 
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[0087] The error signal generated by logic circuit 800 
IC E. Further control unrt D and activation IC E can be 
10, 20 30, 40, 50, and 60 when such a short circuit error 5 

cX ': h 9en K erated Wh6n 3 Sh0rt Circuit -or S 
J? 9,n9 dischar 9 f "9 cycle to stop, ft is 
20 Tin T" r : ,hat any P iezo «^ricelemente 10 
IL^'f l' 1 60 that have been ^intentionally 
charged be discharged. Therefore, after detecting a" to 

E causS an , d St ° PPing the ***** acfivationlC 
E causes thestopswrtch 331 and group selector switch- 

timf I 20 1° C ' 0Se f ° r 3 P^etermined period of 
time to ensure that the any charged piezoelectric ele- 
ments are fully discharged, wanceie- 

Ciaims 
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(10 20 30 40, 50 or 60) for controlling an amount 
of injected fuel, by charging and/or discharging the 
piezoelectric element (10, 20, 30, 40, 50 or 60) us- 
ing a driving circuitry, 

characterized in that 2S 

the fuel injection system comprises a current diag- 
nosis unit capable of detecting a fault of a current 
lowing ,n the driving circuitry within 10p.sec of the 
fault occurring. 

2. Fuel injection system according to claim 1 
characterized in that 

n! 9n ° SiS Unit is rapab,e of de 'ec«ng the 
fault wrthrno.^sec to lOpsec of the fault occurring. 

3- Fuel injection system according to claim 1 or 2 
characterized in that 

TJ.h U I!"' dia9n ° SiS Unit is ca P able of detecting the 
fault within to 3nsec of the fault occurring. 

4. Fuel injection system according to claim 1,2 or 3 
characterized in that 

the current diagnosis unit detects the fault by de- 
tecting an input current flowing into the piezoelectric 
^ment (1 0) 20, 30, 40, 50 or 60) and an ou^t «■ 



at a predetermined time interval. 

7. Fuel injection system according to one of the fore- 
going claims, 
characterized in that 

the fault includes a short circuit from a piezoelectric 

20 ' 30, 40, 5 °< ° r 60 > t0 9 rou " d while 
or 60) P ,e20elect "'c element (1 0, 20, 30, 40, 50, 

8. Fuel injection system according to one of the fore- 
going claims, 
characterized in that 

the current diagnosis unit comprises a comparator 
crcurt for comparing currents flowing in different 
parts of the driving circuitry, and a control unit (D) 
receiving a difference signal from the comparator 
crcurt, the control unit (D) generating an errorsignal 
when the difference signal is greater than a prede- 
termined maximum during charging or discharging 
oHhe piezoelectric element (10, 20, 30, 40, 50 or 

Fuel injection system according to claim 8 
characterized in that 

the comparator circuit compares current flow 
through a buffer circuit and a piezoelectric shunt re- 

™ °/n ,n r rieS With the P ie * oe| ectric element (10 
20, 30, 40, 50, or 60). 

10. F"el injection system according to one of the claims 
characterized in that 

the predetermined time in the driving cycle is when 
the buffer arcuit and the piezoelectric shunt resistor 
both carry a common current in the absence of a 
short circuit. 



1 1 • Fuel injection system according to claim 8, 9, or 1 o 
characterized in that 

the comparator circuit receives a current measure- 
ment signal from a measuring point in a voltage di- 
vider circuit. y 



9. 



5- Fuel injection system according to claim 4 

characterized in that SQ 
the c Urr e n t diagnosis unit detects the fault based 
upon a comparison between the input current and 
the output current. 



6. 



Fuel injection system according to one of the fore- 
going claims, 
characterized in that 

the current diagnosis unit searches for the fault only 



55 



12. Fuel injection system according to claim , 9, 10, or 

characterized in that 

the errorsignal is recorded as an entry in an error 
memory. 

13. Fuel injection system according to one of the fore- 
going claims, 

characterized in that 

the current diagnosis unit discharges all piezoelec- 
tric elements if an error is detected. 

14. Method for operating a fuel injection system with a 
piezoelectric element (10, 20, 30, 40, 50 or 60) for 
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controlling an amount of injected fuel, by charging 
and/or discharging the piezoelectric element (10, 
20, 30. 40. 50 or 60) using a driving circuitry, in par- 
ticular for operating a fuel injection system accord- 
ing to one of the foregoing claims, 
characterized in that 

a current flowing in the driving circuitry is checked 
in such a manner that a possible fault of the current 
flowing in the driving circuitry is detected within 
10u.sec of the fault occurring. 
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